Introduction
Adult tissues undergo cellular renewal at variable rates. In some tissues, such as blood, skin, and intestine, stem cells are the source of new cells. In other tissues, such as the kidney, stem cells do not appear to play an appreciable role during homeostasis. In some contexts, a small population of differentiated cells called facultative stem cells can acquire a "stem cell-like" identity to regenerate and repair tissue following injury (1) .
Stem cells are defined as self-renewing, multipotent cells that can give rise to all differentiated lineages within a tissue. Thus, they are the principal cell type within the cellular hierarchy for normal homeostasis and tissue regeneration following injury, such as infection, inflammation, chemotherapy, and radiation. Interestingly, in tissues with high cell turnover, as illustrated in the hair follicle, the hematopoietic system, and the small intestine, 2 major classes of molecularly and functionally distinct stem cells are present. The first class is a fast-cycling population that rapidly produces progeny to support the general maintenance of tissue function. The second class is a slower-cycling "reserve" population that replenishes the faster-cycling stem cell pool during homeostasis and following injury (2) (3) (4) . Stem cells are generally supported by a unique environmental niche that regulates their activity and behavior. For example, Paneth cells and the surrounding mesenchyme are important constituents of the small intestinal stem cell niche (5, 6) ; the dermal papilla and dermal fibroblasts are critical in the hair follicle niche (7) ; and the perisinusoidal bone marrow niche is important for hematopoietic stem cells (8) .
The esophageal lumen is lined by a stratified squamous epithelium characterized by proliferative cells restricted to the basal layer. Basal cells migrate toward the luminal surface while undergoing early differentiation (suprabasal cells) and terminal differentiation (superficial squamous cells). These cells eventually desquamate into the lumen. The esophageal epithelium undergoes relatively rapid renewal. Each of the epithelial cellular compartments is distinguished by different morphological features (round versus elongated cells, variable nuclear/cytoplasmic ratio, and keratin content) and divergent expression of key proteins. Esophageal basal cells are annotated by SOX2 and p63 expression, as well as expression of keratins 5 and 14, the latter forming intermediate filaments. Suprabasal cells are characterized by the expression of keratins 4 and 13, as well as involucrin. Superficial squamous cells harbor keratohyaline granules with profilaggrin and filaggrin. In aggregate, the proliferative basal cells, and early-differentiating suprabasal cells, and terminally differentiated superficial squamous cells represent distinct states of lineage commitment.
It is likely that long-lived cells with properties consistent with stem/progenitor cells reside in the basal compartment of the The esophageal lumen is lined by a stratified squamous epithelium comprised of proliferative basal cells that differentiate while migrating toward the luminal surface and eventually desquamate. Rapid epithelial renewal occurs, but the specific cell of origin that supports this high proliferative demand remains unknown. Herein, we have described a long-lived progenitor cell population in the mouse esophageal epithelium that is characterized by expression of keratin 15 (Krt15). Genetic in vivo lineage tracing revealed that the Krt15 promoter marks a long-lived basal cell population able to self-renew, proliferate, and generate differentiated cells, consistent with a progenitor/stem cell population. Transcriptional profiling demonstrated that Krt15 + basal cells are molecularly distinct from Krt15 -basal cells. Depletion of Krt15-derived cells resulted in decreased proliferation, thereby leading to atrophy of the esophageal epithelium. Further, Krt15 + cells were radioresistant and contributed to esophageal epithelial regeneration following radiation-induced injury. These results establish the presence of a long-lived and indispensable Krt15 + progenitor cell population that provides additional perspective on esophageal epithelial biology and the widely prevalent diseases that afflict this epithelium. + cells are radioresistant and contribute to tissue regeneration. Collectively, our studies establish the identity of a bona fide esophageal epithelial long-lived progenitor cell population that will underpin future approaches for the investigation and treatment of benign and malignant esophageal diseases.
Results
Krt15 marks a long-lived basal cell subpopulation in the mouse esophagus. Krt15 mRNA and K15 protein are expressed in the adult mouse esophagus and in other stratified epithelia of the upper digestive tract, such as the forestomach and tongue (Supplemental Figure 1 , A and B; supplemental material available online with this article; https://doi.org/10.1172/JCI88941DS1).
Immunohistochemical staining reveals that endogenous K15 expression is restricted to the basal compartment of these tissues. Indeed, K15 is detected in basal cells labeled with the transcription factor p63 and in proliferative cells labeled with Ki-67, but is not detected in suprabasal cells labeled with keratin 13 (K13) ( Figure 1A ). K15 is expressed also in the embryonic esophagus (Supplemental Figure 1C ) and the newborn mouse esophagus, forestomach, and tongue (Supplemental Figure 1D ). Despite the morphological and functional differences between the mouse and the human esophagus, we detect K15 in a subset of the basal cells of normal esophageal biopsies. 3D organoids derived from normal human esophagus also express K15 (Supplemental Figure 1E) .
The Krt15 promoter marks long-lived cells in the hair follicle (20, 27) as well as in sweat glands (28) , suggesting that Krt15 + cells may have stem cell potential in other epithelia. We thus used a genetic lineage tracing approach to study the esophageal epithelial cells in which the Krt15 promoter is active. The progesterone receptor-fused (PR1-fused) Cre allele Krt15-CrePR1 (20) was bred into mice containing a ROSA26 mTomato/mEGFP (R26 mT/mG ) (25) allele, in which Cre recombination, induced by the PR agonist RU486, induces a switch from tdTomato to GFP expression.
Krt15-CrePR1 R26
mT/mG mice were given a single dose of RU486, and the esophagi, forestomachs, and tongues were harvested 1 day later (D1) ( Figure 1B ). GFP + (Krt15 + ) cells were counted and localized (basal, parabasal [i.e., contiguous to a particular basal cell], suprabasal, or superficial cells) (Supplemental Figure 2A) . Labeling occurred almost exclusively in basal and parabasal cells ( Figure 1 , B and C). The percentage of GFP + cells in the basal layer (recombination rate) of the esophageal epithelium was 0.4%, suggesting that the Krt15 promoter marks a subpopulation of cells in the basal layer (Supplemental Figure 2B) . Next, 5 consecutive daily RU486 injections were administered to perform lineage tracing experiments ( Figure 1D ). Under these conditions, the percentage of GFP + cells in the basal layer increased to 13.6% at D1 (1 day after the last RU486 injection) because of a higher recombination rate and also division of the originally recombined cells (Supplemental Figure 2B ). In the lineage tracing experiment, GFP-labeled cells were detected at multiple time points (from D1 to D56 following recombination) in the esophagus ( Figure 1E ) as well as in the forestomach (Supplemental Figure 2C ) and the esophageal epithelium. Although their existence has been suggested through label-retaining studies and 3D organoid culture assays, their true identity remains to be fully described (9) (10) (11) (12) (13) (14) . We reported previously that a side population of mouse esophageal basal cells is capable of DNA label retention and also excludes Hoechst dye, a feature associated with the presence of ATP-binding cassette membrane transporters that has been linked to stem cell activity in several tissues (e.g., hematopoietic stem cells) (15) . Furthermore, these cells give rise to undifferentiated and differentiated cells in 3D organotypic culture (12) . Potential cellular heterogeneity in mouse esophageal basal cells was also reported by another group using an additional 3D culture system (11). These basal cells harbor different cell cycle and proliferation kinetics, leading to the suggestion that a nonquiescent putative stem cell population (ITGA6 hi ITGB4 hi CD73 + ) resides in the basal layer. These 2 studies support the possibility of a stem cell population(s) in the mouse esophagus. Conversely, 1 study found no evidence of slow-cycling epithelial stem cells in the mouse esophagus, and suggested that each cell within the basal cell layer is equipotent in generating both proliferating and differentiating cells with equal probability (10) . This equipotent model has also been reported for the stratified epithelium of the skin (16) .
Genetic lineage tracing remains the gold standard approach for demonstrating self-renewal and multipotency and thus validating the identity of tissue-specific stem cells (17) . In the esophagus, these approaches are required to establish the existence and identity of stem cells and to characterize their self-renewal and multipotency properties. This is critical for our understanding of the cellular basis of widely prevalent esophageal diseases, such as acid reflux-induced esophagitis, eosinophilic esophagitis, and esophageal carcinoma (18, 19) .
Morphological similarities between the epidermis and the esophageal epithelium suggest that comparable stem cell populations could be present in both tissues. Lineage tracing experiments in the mouse skin have demonstrated that the Krt15 (keratin 15) promoter marks cells in the bulge of the hair follicle that can generate all epithelial lineages (20) . Interestingly, Krt15 + cells in the hair follicle contribute to wound repair and squamous papilloma development in mice (21, 22) . Basal cell carcinomas also arise from the hair follicle and more specifically from the Krt15 + cells (23) . Furthermore, Krt15 also marks the ureter epithelium, and its expression is increased in a subset of urothelium cell carcinomas (24) . Given its critical role in epidermal renewal, repair, and cancer development, investigation of Krt15 + cells may provide critical insights into a putative esophageal stem cell population. Notably, the keratin 15 protein (K15) is a type I acidic cytokeratin expressed in the esophageal basal cell layer that pairs with keratin 5 in the postnatal period of young mice.
In the current study, we demonstrate that the activity of the Krt15 promoter (using Figure 1F ). Costaining of GFP + cells with a K15-specific antibody in Krt15-CrePR1 R26 mT/mG mice sacrificed at D1 confirmed the specificity of the Krt15 promoter activity (Supplemental Figure 3A ). These lineage tracing experiments demontongue (Supplemental Figure 2D) . Expansion of the GFP-labeled cells in the shorter induction was followed by maintenance of the GFP-labeled population in the later induction ( Figure 1E + cells are always actively dividing. Epithelial homeostasis is maintained presumably by a balanced with migration of cells from the basal layer to the luminal surface (13, 29) . In our study, clonal units derived from Krt15-labeled cells were observed 7 days after recombination ( Figure 2A ). These units mostly form a cohesive cell cluster suggesting expansion from an original Krt15 + cell with little lateral cell migration under homeostatic conditions. Imaging of thick esophageal tissue sections using confocal microscopy reinforces the clustered nature of Krt15-derived clonal units ( Figure 2B and Supplemental Video 1). 3D reconstruction was used to illustrate the clustering of Krt15 + clonal units. Basal cells were labeled in blue tones and suprabasal number of proliferation, differentiation, migration, and apoptotic events. Between D1-D3 and D3-D5 following recombination, we observed a significant decrease in the basal cell/parabasal cell ratio concomitant with an increase in the number of suprabasal cells. This is in line with the time necessary for basal cell division and migration to the suprabasal layer ( Figure 2E ). Beyond 5 days after recombination, the proportion of GFP + cells in the different layers remained constant through time, suggesting that the equilibrium of Krt15 + clones was preserved ( Figure 2E ). Furthermore, clone numbers were quantified at different time points following the last RU486 injection to assess Krt15 + -derived clone maintenance, and we determined that approximately 15% of the original Krt15 + clones were maintained up to 6 months following RU486 treatment (Supplemental Figure 3B) .
The R26 mT/mG reporter does not allow discrimination between clones that originated from 1 versus multiple Krt15 + cells. Therefore, to assess the capacity of a single Krt15 + cell to give rise to a clonal unit, we used the 4-color Confetti reporter mouse (R26 Conf ) ( Figure 2F ) (26) . Krt15-CrePR1 R26 Conf mice were treated with RU486 and sacrificed 2 months later. All clones visualized using a dissection scope appeared to be monochromatic ( Figure 2G ). Imaging of transverse esophagus sections confirmed the monochromaticity of Krt15-derived clonal units ( Figure 2H ). When 2 clones were found close together, cell clusters were not intermixed, supporting the possibility of monoclonal expansion of Krt15 + clones (Supplemental Figure 3C ). These results suggest that clonal units derived from Krt15 + cells originate from a single recombination event. However, because of the low Cre recombi- Figure 3A) . Proliferative basal cells (Ki-67 + ) can also originate from Krt15 + basal cells ( Figure 3B ). To determine the proliferation rate of Krt15 + cells over time, we induced Cre recombination in Krt15-CrePR1 R26 mT/mG mice with a single dose of RU486 and sacrificed the mice 1, 2, 3, or 5 days after recombination ( Figure 3C ). Twenty-four hours after recombination, we observed that the probability of observing Ki-67 positivity in Krt15-derived (GFP + ) cells was 2.8 times greater at D2 (P = 0.0075), 10.34 at D3 (P < 0.0001), and 14.7 at D5 versus D1 (P = 0.0004) ( Figure 3D Figure 3F ). We also determined the percentage of Krt15 + basal cells in S phase of the cell cycle at different time points using 5-Ethynyl-2′-deoxyuridine (EdU) incorporation assay ( Figure 3G ). The percentage of EdU + cells in the Krt15-derived cell population was higher 48 hours following Cre induction versus 24 hours, confirming the result presented in Figure 3D . Table 1 ). GSEA was performed and revealed enrichment for gene sets correlating with negative regulation of epithelial differentiation, regulation of stem cell proliferation, and cell fate specification in Krt15 + basal cells ( Figure 4B ). A distinct Wnt signaling signature between Krt15 + and Krt15 -basal cells was suggested from the RNA-Seq data. GSEA suggested enrichment for the β-catenin binding gene set in Krt15 + basal cells ( Figure  4B ). Interestingly, Ascl2 was the third most upregulated gene in ), a known Wnt signaling gene target associated with stemness in intestinal epithelium (30) . We also noted an increase of other Wnt signaling-associated formation capacity within the basal cell subpopulations examined. Therefore, to determine whether Krt15 + basal cells are distinct from the other basal cells, we isolated Krt15 + basal cells from Krt15-CrePR1 R26 mT/mG mice 24 hours after recombination, before division of lineage-labeled cells. In our experiments, we used the basal marker CD29 (integrin β 1 , Itgb1) to isolate basal cells as described previously (10, 11) . Specificity of CD29 expression in basal cells was confirmed by immunostaining (Supplemental Figure 4A) Figure 4B) . RNA-Seq was performed on both populations, and we identified 116 upregulated and 48 downreg- iDTR and control R26 iDTR mice were injected with BrdU 1.5 hours before sacrifice, and esophageal sections were stained for Ki-67 and BrdU. The percentage of Ki-67 + (E) and BrdU + (F) basal cells was determined. Graphs represent mean ± SEM (n = 5 mice per group, and a minimum of 500 basal cells was counted; *P ≤ 0.05 using 2-tailed Student's t test). Figure 5C, left panel) . In vitro Cre recombination immediately after seeding also resulted in formation of organoids that were entirely GFP + or GFP -( Figure 5C , middle panel). Finally, Cre recombination following organoid establishment demonstrated that Krt15 + cells exist in 3D organoids and give rise to clonal units ( Figure 5C, right panel) Figure 4A and Supplemental Table 1 ). By contrast, Krt15 -basal cells were enriched for extracellular matrix structural constituent and ribosome gene sets (Supplemental Figure 4C) . Indeed, downregulated genes in Krt15 + basal cells encode for proteins associated with extracellular matrix such as collagens, periostin, and proteoglycans ( Figure 4A and Supplemental Table 2 ).
Using a more targeted approach, we also determined the expression of several membrane proteins that have been associated previously with esophageal epithelial stemness potential (9, 11, 12, 31) . Table 2 ). Increased expression of Itga6 and Cd73 was also observed in Krt15 + basal cells ( Figure 5A ). Notably, ITGA6 hi ITGB4 hi CD73 + cells have the highest 3D organoid formation capacity of the examined cell populations (11) . Expression of certain epithelial stem cell genes in other tissues was measured mT/mG mice were subjected to 12 Gy whole-body irradiation and then injected every 12 hours with RU486 until sacrifice 48 hours after irradiation. (F + expression in the inner layers ( Figure 5E ). Furthermore, Ki-67 staining confirmed that proliferation was restricted to the outer cell layer as expected in Krt15 + -derived 3D organoids, whereas Ki-67 + cells could be observed throughout the Krt15 --derived 3D organoids. These results suggest that unlike Krt15 -basal cells, Krt15 + basal cells can recapitulate esophageal epithelial homeostasis in 3D organoids, supporting their clonogenicity and multipotency.
mT/mG mice (Supplemental Figure 4D ) and measured the 3D organoid formation rate of both cell populations.
Krt15
+ basal cells formed more 3D organoids than Krt15 -basal cells, indicating that Krt15 + cells are more clonogenic ( Figure  5D ). Interestingly, CD29
hi GFP -and CD29 hi GFP + cells generated 3D organoids with marked histological differences ( Figure 5E ). We also observed that the percentage of p-H2AX + cells was higher in the Krt15 -basal cells versus the Krt15 + basal cells, suggesting a unique radioresistance in Krt15 + basal cells ( Figure 7 , C and D). Furthermore, when Cre recombination was induced following irradiation in Krt15-CrePR1 R26 mT/mG mice, Krt15 + cells were able to undergo lineage tracing and expansion, giving rise to clonal units ( Figure 7, E and F) . These results suggest that Krt15 + basal cells are less susceptible to high-dose radiation and could therefore be active in the regeneration process.
Interestingly, GSEA indicates an enrichment for DNA integrity checkpoint gene set in Krt15 + versus Krt15 -basal cells ( Figure  7G) . Furthermore, the most upregulated gene in Krt15 + basal cells was Msh2 (600-fold versus Krt15 -basal cells), a key regulator of DNA mismatch repair (MMR) that has been associated with microsatellite instability in several solid tumors. Stem or progenitor cells have been reported to display higher MMR activity to assure DNA integrity throughout their rapid proliferation (36, 37) . We also observed increase of several DNA damage responseassociated genes, such as Rad51b, Parg, Atmin, Aplf, Mdm4, and Gadd45a ( Figure 4A and Supplemental Table 1 ). These results suggest a possible role for these genes in Krt15 + cells in response to injury-induced DNA damage.
Since whole-body irradiation induces damage to the bone marrow and intestinal epithelium, requiring early sacrifice, we used esophageal-targeted high-dose irradiation to further study esophageal epithelial regeneration. First, C57BL/6J WT mice were imaged with a CT scan to visualize the trachea as an anatomic landmark to target irradiation to the esophagus (Supplemental Figure 6A) . Pilot experiments demonstrated that 20 Gy esophagus-targeted irradiation was sufficient to induce morphological changes and weight loss (Supplemental Figure 6 , B and C). In the recovery period (D11), we noted epithelial thickening and epithelial downgrowth (indentation), suggesting that the esophageal epithelium was actively recovering from the radiation insult. Basal cell hyperplasia was also observed, as illustrated by the presence of more than one p63 + basal cell layer. Furthermore, proliferative cells were not restricted to the basal layer ( Figure 8A ).
To investigate in a complementary fashion a possible functional role of the K15 protein in response to irradiation, we irradiated the esophagi of Krt15 +/+ and Krt15 -/-mice and sacrificed the animals 8 days and 15 days after irradiation. D8 was chosen as a representative time point for maximal tissue injury and D15 as the recovery time point when tissue regeneration is complete. At D8, epithelial damage was similar between Krt15 +/+ and Krt15 -/-mice. Acute ulcerative esophagitis was observed with some residual epithelial cells still present ( Figure 8B ). At D15, the esophagi of Krt15 +/+ mice had a normal morphology. Interestingly, basal cell hyperplasia and epithelial downgrowth, which are distinctive features of injured tissue, were still present in the esophagi of Krt15 -/-mice, suggesting that K15 loss impaired complete tissue regeneration ( Figure 8B ). The esophageal epithelia of Krt15 -/-mice were 50% thicker than their counterparts from Krt15 +/+ mice at D15 ( Figure 8C ). Krt15 -/-mice revealed more p63 + basal cell layers, underscoring the basal cell hyperplasia phenotype. Proliferative cells could also be observed in cell layers closer to the lumen in Krt15 -/-mice, suggesting that the esophagus was still recovering from the high-dose radiation. Differentiation was also altered in + cells for esophageal function in vivo. We ablated Krt15-derived cells in the adult mouse using an inducible diphtheria toxin receptor (iDTR) system (32) and analyzed the morphology of the esophageal epithelium. Krt15-CrePR1 R26 iDTR mice were injected with RU486 for 5 consecutive days followed by diphtheria toxin administration ( Figure 6A ). Mice were then sacrificed 12 days after Krt15 + cell depletion or before excessive weight loss. Morphological analysis of the esophagi revealed a significant diminution in the stratification (thinning) of the esophageal epithelium in Krt15-CrePR1 R26 iDTR mice in comparison with control mice (R26 iDTR ) ( Figure 6 , B and C). We quantified the proliferation of basal cells in both cohorts to determine whether epithelial thinning was the result of decreased proliferation. + cells present characteristics consistent with long-lived progenitor cells in the mouse esophagus, we studied their role in response to radiation-induced injury. First, C57BL/6J WT mice were subjected to 12 Gy whole-body γ-irradiation and sacrificed at different time points (4 hours to 7 days). Signs of DNA damage were observed in the esophageal epithelium 4 hours after irradiation, including increased p-H2AX staining (Supplemental Figure 5A ). Also, clusters of Ki-67 + proliferative cells were observed 5 days after irradiation, suggesting that activation of basal cells contributes to regeneration of the injured tissue. Although morphology was only modestly affected in the esophagus, induction of K15 expression was observed in suprabasal cells, suggesting a possible role for K15 protein itself in esophageal epithelial regeneration (Supplemental Figure 5, A and B) . Interestingly, Krt15 mRNA expression (but not expression of other epithelial stem cell markers) was increased in organoids following irradiation, confirming the specific induction of Krt15 in response to injury (Supplemental Figure 5C ). In the small intestine, the active Wnt hi Lgr5 + stem cell population is sensitive to high-dose irradiation, whereas a Wnt lo/off reserve stem cell population is radioresistant and can give rise to active Lgr5 + stem cells following damage (33, 34) . Furthermore, we have reported recently that Krt19 + intestinal stem cells expand after radiation-induced injury through lineage labeling (35) . Therefore, we investigated whether Krt15 + cells are resistant to high-dose irradiation by irradiating Krt15-CrePR1 R26 mT/mG mice ( Figure 7A ). Cre recombination was induced prior to irradiation, and we noted that GFP + (Krt15 + ) cells persisted for 5 days following irradiation, suggesting that Krt15 + cells are radioresistant in the esophageal epithelium ( Figure 7B + cells express lower levels of Cd34. We could then speculate that, like in other epithelia such as the skin and small intestine, more than 1 progenitor/stem cell population could be present in the mouse esophageal epithelium, although this requires further investigation.
Our data provide evidence for a long-lived subpopulation of esophageal epithelial basal cells that serve as progenitor cells. How does this reconcile with the premise that stem cells do not exist in the esophageal epithelium? Using a non-tissue-specific genetic driver, Doupe et al. concluded that the marked cells followed a stochastic/neutral competition model (10) . The authors claimed the absence of slow-cycling or quiescent stem cells since they could not detect epithelial label-retaining cells. However, a recent publication suggests that, at least in the small intestine, label retention is not always a characteristic of quiescent or slow-cycling stem cells (39) . Herein, we describe a long-lived population that could have been missed potentially by the use of a non-tissue-specific genetic approach. At the same time, our findings and those of Doupe et al. may not be necessarily mutually exclusive in that an uncommon long-lived progenitor cell population can give rise to all differentiated lineages as we demonstrate, but this population could coexist with neighboring basal cells that have the capacity to give rise to proliferating and differentiating cells with equal probability.
In summary, we have identified a novel long-lived Krt15 + population with self-renewal and multipotency capacities. These cells are radioresistant and contribute to tissue regeneration following radiation-induced injury. These findings are, to our knowledge, the first genetic evidence of a bona fide long-lived progenitor cell population in the mouse esophageal epithelium and have significant implications in our understanding of the biology of widely prevalent esophageal diseases, such as acid/bile-induced esophagitis, eosinophilic esophagitis, and esophageal cancer (squamous cell carcinoma and adenocarcinoma).
Methods
Mouse models. Krt15-CrePR1 (20) Figure 8D ). Finally, 3D organoids grown from irradiated Krt15 +/+ and Krt15 -/-mice sacrificed at D15 recapitulated the changes observed in these mice (Supplemental Figure 6D) . Esophageal epithelial cells isolated from a Krt15 +/+ mouse formed normal 3D organoids, i.e., almost perfect spheres with a smooth perimeter. Conversely, organoids formed from Krt15 -/-esophageal cells were hypertrophic and irregular in shape. Foci of cellular crowding could be observed mostly in the basaloid layer, consistent with basal cell hyperplasia. Also, Krt15 -/--derived 3D organoids had abundant central keratin mass characterized by nuclear retention in the keratinized cells (parakeratinization), a sign of rapid turnover from basal to surface cells. Altogether, these results suggest that Krt15 + cells are radioresistant to high-dose radiation and contribute to tissue regeneration. Furthermore, and as a separate consideration, Krt15 deficiency impairs tissue regeneration in response to radiation-induced injury.
Discussion
The rapid renewal of the esophageal epithelium is maintained by highly proliferative basal cells; the involvement of a subpopulation of basal cells with properties consistent with stem cells or long-lived progenitor cells remains to be fully demonstrated. Here, we show that the Krt15 promoter marks a long-lived (>6 months) basal cell subpopulation that gives rise to all differentiated lineages in the esophageal epithelium, representing, to our knowledge, the first genetic in vivo lineage tracing evidence of such a progenitor cell population. We demonstrate that Krt15 + basal cells display increased 3D organoid formation capacity and Krt15-derived 3D organoids are more differentiated, suggesting greater self-renewal and multipotency as independent corroboration of the in vivo findings.
Stem and progenitor cells participate in the regenerative response to injury in different tissues. An esophageal stem/progenitor cell may play a critical role in the pathological or regenerative response of the following insults: acid and bile resulting in reflux esophagitis; eosinophilic infiltration yielding eosinophilic esophagitis; exposure to bacterial and viral pathogens resulting in infectious esophagitis; and exposure to radiation resulting in radiation esophagitis. We used radiation targeted to the esophagus (as opposed to whole-body irradiation), as reflective of radiation therapy in humans, to determine whether Krt15-labeled cells might participate in or contribute to the regenerative response after radiation. We demonstrated that Krt15 + cells are radioresistant. 
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